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Abstract
Intersubband optoelectronic devices rely on
transitions between quantum-confined elec-
tron levels in semiconductor heterostruc-
tures, which enables infrared (IR) photode-
tection in the 1–30 µm wavelength window
with picosecond response times. Incorpo-
rating nanowires as active media could en-
able an independent control over the electri-
cal cross-section of the device and the op-
tical absorption cross-section. Furthermore,
the three-dimensional carrier confinement in
nanowire heterostructures opens new possi-
bilities to tune the carrier relaxation time.
However, the generation of structural de-
fects and the surface sensitivity of GaAs
nanowires have so far hindered the fabrica-
tion of nanowire intersubband devices. Here,
we report the first demonstration of inter-
subband photodetection in a nanowire, us-
ing GaN nanowires containing a GaN/AlN
superlattice absorbing at 1.55 µm. The com-
bination of spectral photocurrent measure-
ments with 8-band k·p calculations of the
electronic structure supports the interpreta-
tion of the result as intersubband photode-
tection in these extremely short-period su-
perlattices. We observe a linear dependence
of the photocurrent with the incident illu-
mination power, which confirms the insen-
sitivity of the intersubband process to sur-
face states and highlights how architectures
featuring large surface-to-volume ratios are
suitable as intersubband photodetectors. Our
analysis of the photocurrent characteristics
points out routes for an improvement of
the device performance. This first nanowire
based intersubband photodetector represents
a technological breakthrough that paves the
way to a powerful device platform with po-
tential for ultrafast, ultrasensitive photode-
tectors and highly-efficient quantum cascade
emitters with improved thermal stability.
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Using intersubband transitions between
quantum-confined electron levels in het-
erostructures, semiconductors can be ex-
ploited for optical devices throughout the
infrared (IR) spectral range.1 Well-known
examples of commercial intersubband de-
vices are quantum cascade lasers (QCLs)2–4
and quantum well infrared photodetectors
(QWIPs).5 In the III-As material system,
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QWIPs in the 5–30 µm wavelength window
can achieve picosecond response times, out-
performing other semiconductor-based de-
vices in terms of speed.5 III-nitride materials
open perspectives for room-temperature op-
eration of intersubband devices both in the
near-IR (1–5 µm) and in the mid- to far-IR
(5–30 µm) spectral ranges.6–8 Even more im-
portantly, the III-nitrides offer the opportu-
nity to integrate nanowires as active media,
which represents the ultimate downscaling
of devices incorporating quantum well su-
perlattices.9
Nanowire geometries are particularly in-
teresting for flexible electronics10 or for
the implementation of on-chip optical in-
terconnects.11,12 Photodetectors based on
nanowires are characterized by an ultrahigh
photocurrent gain (G ≈ 105–108),13–16 though
often associated with persistent photocon-
ductivity. Furthermore, nanowires present
a large dielectric mismatch with their sur-
roundings, and their diameter is generally
smaller than the detected wavelength. These
interesting features allow the engineering of
the refractive index, or the electrical device
cross-section, while maintaining the absorp-
tion characteristics of the bulk.17–20 The ul-
trafast relaxation times of intersubband tran-
sitions21 and their insensitivity to surface
phenomena22 constitute major advantages
of nanowire photodetectors. Based on cur-
rent planar technologies, an obvious mate-
rial choice for nanowire intersubband de-
vices would be GaAs/AlAs. Unfortunately,
the pronounced crystal polytypism in GaAs
nanowires obtained through the bottom-up
approach23 impedes the application as in-
tersubband devices, and the top-down strat-
egy (patterning and etching) appears as the
only alternative.24 In contrast, for GaN/AlN,
the bottom-up method25 yields the necessary
low density of structural defects in spite of
the lattice mismatch.26 Thereby, for the III-
nitride material system, the nanowire geom-
etry may allow overcoming some of the ma-
terial quality issues that have hampered the
development of III-nitride intersubband de-
vices to date. Planar III-nitride intersubband
devices require the use of free-standing GaN
substrates to obtain the required low densi-
ties of dislocations, and still suffer from crack
propagation in structures with high Al con-
tent.7 In contrast, for nanowires, dislocations
are restricted to coalescence boundaries,27
and they can be readily grown on cheap,
large-area Si(111) substrates. Reports of in-
tersubband absorption in nanowire ensem-
bles21,22,28 and of resonant tunneling trans-
port in single nanowires29,30 further high-
light GaN/AlN heterostructures as promis-
ing choice.
In this study, we demonstrate the feasibility
of intersubband photodetection in nanowire-
based devices. Using GaN/AlN superlattices
embedded in GaN nanowires, intersubband
absorption around 1.55 µm (telecommunica-
tion wavelength) is achieved. An in-depth
characterization of the photocurrent charac-
teristics of contacted nanowires under near-
IR illumination allows us to unambiguously
assign the observed signal to intersubband
transitions in the embedded quantum discs.
In particular, we observe a linear scaling of
the intersubband photocurrent with the inci-
dent illumination power, which confirms the
insensitivity of the process to surface states.
To achieve near-IR intersubband photode-
tection, we investigate GaN nanowires grown
by plasma-assisted molecular beam epitaxy
(MBE). These nanowires incorporate a super-
lattice of 39 periods of Si-doped GaN quan-
tum disks separated by AlN barriers and
surrounded by an AlN shell, as sketched in
Fig. 1a. To populate the ground state in the
conduction band, the disks were doped with
Si at a doping density of Nd ≈ 3× 1019 cm−3.
Nanowires were dispersed on custom-made
Si3N4 membranes and contacted by electron
beam lithography. Thereby, the very same
nanowire studied as a photodetector could be
characterized by scanning transmission elec-
tron microscopy (STEM). Unless indicated
otherwise, the figures in this paper describe
the results obtained for one typical specimen
(NW 1). However, the study was validated
by the observation of similar results in var-
ious nanowires with the same structure, as
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Figure 1: (a) Sketch of the investigated nanowire heterostructures, depicting also the contact
scheme for photocurrent measurements. (b) Overview HAADF STEM image of NW 1, and (c)
detail of the GaN (bright)/AlN (dark) superlattice. (d) High-resolution HAADF STEM image
of the region marked in (c) viewed along the [21¯1¯0] direction. Both the growth direction and
the contacting convention are labelled in (b).
described in the supporting information.
High-angle annular dark field (HAADF)
STEM images of NW 1, presented in Figs. 1b–
d, demonstrate that the nanowire incorpo-
rates regular superlattices with a thickness
of 1.6± 0.3 nm for the GaN quantum disks
and 3.1 ± 0.4 nm for the AlN barriers. The
AlN shell, generated by lateral growth when
depositing the AlN barriers, exhibits a max-
imum thickness around 5 nm, which de-
creases towards the top of the superlattice.
Shadow effects during the growth, due to the
directionality of MBE, also lead to a reduc-
tion of the shell thickness along the nanowire
base as we move away from the superlattice.
The individual nanowires have a diameter
of 30–50 nm. However, in the case of the
structure in Fig. 1, due to the coalescence of
the nanowire stems, two nanowires with well
separated superlattices are contacted in par-
allel.
Using the dimensions of the quantum
disks and barriers extracted from the STEM
images, we have performed calculations
of the band structure and energy levels
in the nanowire superlattice to determine
the expected intersubband transition ener-
gies. The complex strain distribution in
nanowire heterostructures imposes a full
three-dimensional analysis. Figure 2a shows
a cross-sectional view of the thus calculated
energy of the conduction band edge. A pro-
file of the conduction band energy taken
along the central axis of the nanowire is de-
picted in Fig. 2b. It exhibits the polarization-
induced sawtooth structure typical for III-
nitride quantum wells. Whereas for the low-
ermost disk, the conduction band lies above
the Fermi level, from the 2nd disk onward,
doping pushes the conduction band below
the Fermi level. Note that intersubband ab-
sorption is only expected in quantum disks
containing electrons in the ground state of
the conduction band. We calculated the in-
tersubband transition energy and wavefunc-
tions of the electron ground state (e1) and the
first excited electron state associated to the
vertical confinement (e2z) in the 10th quan-
tum disk. The (11¯00) cross-sectional views
of the squared wavefunctions |Ψ(x, z)|2 (with
x = 〈112¯0〉 and z = 〈0001〉) associated to e1
and e2z are given in Fig. 2c. Both wavefunc-
tions show a maximum probability of find-
ing the electron at the center of the nanowire.
Note that this situation, which should fa-
cilitate the observation of intersubband ab-
sorption, might not be given for other disk
dimensions or doping levels.22 This situa-
tion emphasizes the importance of the three-
dimensional calculations in combination with
a reconstruction of the exact structure by
STEM imaging. The e1–e2z transition energy
is 0.76 eV (1.64 µm).
Using three-dimensional calculations, the
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Figure 2: (a) Color-coded cross-sectional view of the conduction band (CB) edge as obtained
from three-dimensional calculations of the strain and bands in the nanowire heterostructure.
(b) Conduction band profile along the [0001¯] direction in the center of the nanowire as marked
by the dashed line in (a). The grey dashed line indicates the Fermi level (EF) (c) Cross-sectional
view of the spatial extent of the wavefunctions (|Ψ(x, z)|2) for the electron ground state (e1)
and the first excited electron state induced by the vertical confinement (e2z) as obtained from
k·p calculations in the tenth quantum disk. (d) One-dimensional k·p calculations of the energy
levels and wavefunctions in the quantum disks giving energies of 0.77, 1.4 and 1.71 eV for the
e1–e2z, e1–e3z and e1–e4z transitions (as marked by the red arrows), respectively. The dotted
profile shows the CB edge from the three-dimensional calculation in (b) for comparison. (e)
FTIR transmittance of the nanowire ensemble measured for transverse electric (TE, solid) and
transverse magnetic (TM, dashed) polarized light at two different positions on the sample. The
inset illustrates the measurement geometry with the direction of the electric field indicated
both for TM and TE polarization.
large number of laterally-confined levels pre-
vents us from calculating higher-order levels
induced by the vertical confinement. There-
fore, we turn to a one-dimensional approx-
imation as depicted in Fig. 2d. This ap-
proach is legitimate as the band profile does
not deviate significantly from the one ex-
tracted from the three-dimensional calcula-
tion for the center of the nanowire (dotted
line in Fig. 2d). The resulting transition ener-
gies for e1–e2z, e1–e3z and e1–e4z are 0.77, 1.48
and 1.71 eV (corresponding to wavelengths
of 1.61, 0.84 and 0.72 µm), respectively. For
doped quantum wells, many-body correc-
tions to these transition energies have to be
taken into account.1,22 However, for our thin
quantum wells and moderate doping densi-
ties, the correction is smaller than 10 meV,
and will thus be considered as negligible.
To probe the intersubband absorption
in the nanowire ensemble, we employed
room-temperature Fourier transform in-
frared (FTIR) spectroscopy at grazing inci-
dence. The selection rules for intersubband
transitions require the electric field of the
incident light wave to have a component per-
pendicular to the quantum disk plane, i.e.
in the direction where the confined electrons
have negligible momentum.1 This condition
corresponds to a transverse magnetic (TM)
polarization of the light, as indicated in the
inset to Fig. 2e. Indeed, the polarization-
dependent FTIR transmittance in Fig. 2e ex-
hibits an absorption-related dip between 1.2
and 1.8 µm (or 0.7–1 eV) for TM polarized
light, while it is constant across the near-
IR spectral range for the transverse electric
(TE) polarization. The energy range of this
absorption feature agrees well with the pre-
dicted e1–e2z transition energy of 0.77 eV,
with a relative linewidth ∆E/E = 20 %. The
broadening and Gaussian shape of the dip,
comparable to results obtained in GaN/AlN
quantum dots synthesized by the Stranski-
Krastanov method,31 are attributed to the
dispersion of the quantum disk size in the
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Figure 3: Current-voltage characteristics in
the dark (black) and under IR laser illumina-
tion at 1.55 µm (orange) of NW 1 plotted on a
linear (left) and logarithmic scale (right). The
nanowire was illuminated with a laser power
of 144 mW in a spot of 2 mm diameter at the
membrane.
nanowire ensemble.
Having confirmed that the sample under
investigation shows intersubband absorption
at about 0.8 eV (1.55 µm), in agreement with
our calculations, we can now turn to the char-
acterization of the IR photocurrent from con-
tacted nanowires. The current-voltage (I–
V) characteristics of NW 1 are presented in
Fig. 3. It shows a partially rectifying I–
V curve with forward (positive) bias being
conventionally defined as the direction with
higher dark current (indicated in Fig. 1b; see
supporting information for a more detailed
discussion of the current-voltage characteris-
tics). Plotting the forward current on a log-
log scale (Fig. 3b), two major components can
be distinguished: a linear (I ∝ V) regime
for low bias (up to 0.1–0.5 V), followed by
an increase with the third power of the volt-
age (I ∝ V3), which is an indication of space
charge limited transport.15,32
Under illumination at 1.55 µm, the current
increases both in the forward and reverse di-
rections, though more pronounced in the for-
ward direction (the dependence of the pho-
tocurrent on the polarization of the incident
light is discussed in the supporting informa-
tion). To remove the contribution from the
dark current, we measured the photocurrent
under chopped illumination using a lock-in
amplifier. The photocurrent as a function of
the incident laser power at 1.55 µm and un-
der 1 V bias is shown in Fig. 4a for four dif-
ferent nanowires. Strikingly, the photocur-
rent shows a linear increase over more than
three orders of magnitude. The result is con-
firmed at various IR laser wavelengths, as il-
lustrated in Fig. 4b. Such a linear trend is
usually not observed in single nanowire in-
terband photodetectors.15,16,33–35 Indeed, the
band-to-band photocurrent under ultraviolet
(UV) illumination shows a sub-linear depen-
dence on the laser power also for our sample,
as demonstrated in Fig. 4d for NWs 3 and
4. This sub-linearity is generally attributed
to the importance of surface states, either
as non-radiative recombination centers, or as
surface charges affecting the nanowire con-
ductivity.15,16 Therefore, the linear power de-
pendence confirms, on the one hand, that
IR illumination has no effect on the Fermi
level pinning at the nanowire sidewall sur-
faces, and on the other hand, that the mea-
sured photocurrent originates from a mech-
anism different from the band-to-band pho-
tocurrent, with lower sensitivity to surface
states. In a previous paper, we have shown
theoretically that the intersubband transition
energy is quite robust with respect to surface
states and to variations of the strain distribu-
tion due to the AlN shell (see Fig. 3b in Ref.
22).
The linear behavior was reproduced for
different chopping frequencies and with the
nanowire in air, as shown in Fig. 4c. Note that
the photocurrent increases for lower chop-
ping frequencies, which is attributed to the
detection electronics (see supporting infor-
mation). Regarding the reduction of the re-
sponse when measuring in air, it is explained
by the difference in surface state occupa-
tion, which modulates the conductivity of the
nanowire.
We have estimated the responsivity for
NW 1 considering the nanowire surface ex-
posed to the laser as the active photodetector
area. Note that the detection cross-section of
a nanowire is expected to be larger than this
surface.19 We obtain values of 0.6± 0.1 A/W
and 1.1 ± 0.2 A/W at chopping frequencies
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Figure 4: Linearity of the intersubband photocurrent for (a) four different nanowires (NWs 1–4)
measured in vacuum at an illumination wavelength of 1.55 µm (spot diameter at the membrane
of 2 mm, laser chopped at 647 Hz), (b) NW 1 measured at different wavelengths (spot diameter
at the membrane of 2 mm, lasers chopped at 647 Hz, nanowire in vacuum), as well as (c)
NW 1 measured at different chopping frequencies (excitation at 1.55 µm, spot diameter at the
membrane of 2 mm) in vacuum and in air (laser chopped at 647 Hz). For comparison, (d) gives
the photoresponse under UV illumination for NWs 3 and 4 (spot diameter at the membrane
of 2 mm, laser chopped at 86 Hz, nanowire in vacuum). The values of β given in the legends
of the graphs are the power law coefficients determined from fitting the relation I ∝ Pβ to the
data. The response to the UV laser is clearly sub-linear, while for the IR illumination, β is
always close to unity. All measurements are carried out at a bias of 1 V.
of 647 and 162 Hz, respectively (the val-
ues are averaged over the different excitation
levels in Fig. 4c). To further improve this
value, future studies should seek to reduce
the nanowire coalescence and the GaN shell
growth around the superlattices (see also dis-
cussion in the supporting information).
The spectral response of the nanowire pho-
todetectors has been obtained by measur-
ing the photocurrent under illumination from
laser diodes operating at various wavelengths
across the near-IR spectral range, as given
in Fig. 5(a) for NW 1 and for another spec-
imen (NW 2). The shape of the spectral re-
sponse is independent of the incident optical
power as shown in the inset to Fig. 5(a). The
response reaches a maximum in the 1.3 to
1.55 µm range. It goes down around 1.0 µm,
but then increases again for shorter wave-
lengths, which can be attributed to transi-
tions from e1 to higher excited states (e3z,
e4z), for which also the extraction of the car-
riers from the quantum disks should be fa-
cilitated. The wavelengths corresponding to
the e1–e3z and e1–e4z transitions were pre-
dicted to be 0.84 µm and 0.72 µm. Note that
transitions between levels with the same par-
ity would be forbidden in square quantum
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Figure 5: (a) Comparison of the normalized near-IR spectral photocurrent response for two
nanowires (NW 1 and NW 2) measured at 1 V bias. The response has been averaged over
several different illumination powers. The inset shows the spectral response of NW 1 at dif-
ferent illumination levels on a semi-logarithmic scale. The diameter of the laser spot at the
membrane was always 2 mm. The error bars account for the uncertainty in the calculation of
the impinging irradiance due to the error in estimation of the spot size for the different laser
diodes. (b) Evolution of the intersubband photocurrent under additional continuous-wave bias
illumination using an UV laser (as sketched in the inset) measured on NW 1. The trend is
given for different values of impinging laser power and wavelength. The dashed lines serve as
guides to the eye.
wells.1 However, this restriction is waived in
GaN/AlN due to the asymmetry introduced
by the internal electric field.
Finally, additional UV illumination should
lead to an enhancement of the intersub-
band photocurrent due to the photogener-
ated carriers that increase the population of
the ground electron level in the conduction
band. Indeed, Fig. 5b shows that the inter-
subband photocurrent from the nanowire in-
creases when adding a continuous-wave UV
illumination to the chopped IR illumination,
as sketched in the inset. However, a UV laser
power of only 1 µW improves the measured
intersubband photocurrent by a factor 2–3,
while further increasing the UV illumination
power up to 100 µW only leads to a mod-
erate additional increase of the photocurrent.
Assuming a carrier lifetime around 10 ns, as
measured in nanowire ensembles with sim-
ilar geometry and doping levels,36 and as-
suming that the impinging laser power is
fully absorbed in the quantum disks (un-
realistic upper-bound scenario), the number
of photogenerated carriers would be ≈ 4 ×
1015 cm−3, which is several orders of mag-
nitude lower than the doping level. There-
fore, the increase of the photoresponse in this
case is rather due to the effect of the UV
illumination on surface states, which shifts
the Fermi level higher towards the conduc-
tion band, and improves the conductivity of
the stem/cap segments,15,16 and in turn en-
hances the carrier collection. Therefore, while
providing further evidence that the IR pho-
tocurrent originates from intersubband tran-
sitions, this experiment also indicates that a
moderate increase of the stem/cap doping,
as well as of the quantum disk doping, are
pathways for a further improvement of the
IR photoresponse.
In conclusion, our work is a proof-of-
principle study of intersubband nanowire
photodetectors. Near-IR intersubband oper-
ation around 1.55 µm is achieved using GaN
nanowires containing a GaN/AlN superlat-
tice. Unlike the UV band-to-band photocur-
rent, the IR photocurrent scales linearly with
the incident illumination power. This linear-
ity confirms that the UV and IR photocur-
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rents are generated by different mechanisms,
the latter being less sensitive to surface-
related phenomena, as expected for intersub-
band transitions in a nanowire heterostruc-
ture. As a short-term perspective, the use
of ternary (Al,Ga)N barriers would allow to
tune the detection wavelength towards the
mid-IR spectral region and to enhance ex-
traction of photo-generated carriers. On a
broader perspective, our work can be con-
sidered a first step towards a nanowire-based
intersubband technology, which should lead
to ultra-high-speed IR photodetectors with a
miniaturization potential down to the scale
of tens of nanometers and the possibility to
independently tune their electrical (dielectric
constant) and optical (absorption) properties.
At the same time, the possibility to engineer
the electron-phonon coupling in these one-
dimensional structures should also pave the
way for quantum cascade lasers operating at
higher temperatures.
Methods
Growth The nanowires investigated in this
study were grown on floating-zone Si(111)
substrates by plasma-assisted molecular
beam epitaxy (MBE) under N-rich condi-
tions37 at a substrate temperature of TS =
810 ◦C, and with a growth rate of 330 nm/h.
Prior to the growth, the Si(111) substrate
was introduced into the MBE chamber and
baked at TS ≈ 880 ◦C to remove the na-
tive oxide. Then, to improve the alignment
of the nanowires, an AlN buffer layer was
grown prior to the nanowire nucleation, us-
ing a two-step procedure, as described in
Ref. 36: The substrate was first cooled down
to TS = 200 ◦C, to deposit 1.2 nm of low-
temperature AlN at stoichiometric condi-
tions. Subsequently, the AlN buffer with a
total thickness of 8 nm was completed at
TS = 670 ◦C. Following the nanowire nucle-
ation and growth of the 1200 nm long GaN
stem at TS = 810 ◦C, a 39-period GaN/AlN
superlattice was formed at the same growth
temperature by periodic switching of Ga and
Al fluxes. The GaN quantum disks were
grown using the same nitrogen-rich condi-
tions that apply to the GaN base, while the
AlN sections were grown with an imping-
ing Al flux equivalent to the active nitrogen
flux. Finally, the structure was capped with
a 1000 nm long GaN segment (see sketch in
Fig. 1a). An AlN shell was formed around the
superlattice and part of the stem during the
growth of the AlN segments, due to the low
mobility of the impinging Al atoms.38 Par-
tially, an additional GaN shell was formed
during the cap growth. To facilitate cur-
rent collection, both the stem and cap, except
the regions 25 nm below and 100 nm above
the superlattice, were doped n-type with Si
to a concentration of 3 × 1018 cm−3 (deter-
mined from Hall measurements on planar
reference samples). To populate the elec-
tron ground state in the quantum disks, the
GaN disks were Si-doped to a concentration
of 3× 1019 cm−3. A scanning electron micro-
scope (SEM) image of the as-grown nanowire
ensemble can be found in the supporting in-
formation.
Processing To allow photocurrent measure-
ments and scanning transmission electron
microscopy (STEM) imaging of the same
nanowires, the as-grown nanowires were dis-
persed on an array of homemade Si3N4 mem-
branes.39 The nitride membranes have a win-
dow size of 200 µm and were fabricated from
a n++ silicon (100) wafer covered on both
sides with a SiO2 layer (200 nm) for addi-
tional electrical insulation and with a stoi-
chiometric Si3N4 layer (40 nm). Both layers
were deposited by low-pressure chemical va-
por deposition. Using laser lithography and
reactive ion etching, windows and cleavage
lines were opened in the Si3N4 and SiO2 lay-
ers on one side of the wafer. The etching
of the silicon and SiO2 was continued in a
KOH bath, leaving only membranes of the
top Si3N4 layer. Another optical lithography
step, combined with electron beam evapora-
tion of Ti/Au (10 nm / 50 nm) and subse-
quent lift-off was used to define contact pads
and marker structures on the front side of the
membrane chips. To disperse nanowires on
8
such membranes, the as-grown sample was
sonicated in ethanol, and droplets of the solu-
tion were then deposited on the membranes.
Contacts to selected nanowires were defined
using electron beam lithography, followed by
electron beam evaporation of 10 nm of Ti and
120 nm of Al and a lift-off step. See support-
ing information for SEM images of a Si3N4
membrane and a contacted nanowire.
Microscopy To correlate the photocur-
rent measurements with the nanowire struc-
ture and to determine the superlattice di-
mensions, the investigated nanowires were
imaged by high-angle annular dark field
(HAADF) STEM in a probe-corrected FEI
Titan Themis with a field-emission gun oper-
ated at 200 kV. This investigation was carried
out only after the full characterization as a
photodetector, to avoid any influence of the
electron beam exposure on the photocurrent
measurements. The thickness of both quan-
tum disks and barriers was determined by
averaging over the superlattices visible in
Fig. 1c and supporting Fig. S2 with the error
bar corresponding to three times the stan-
dard deviation.
Simulations The band structure and tran-
sition energies in the nanowire heterostruc-
tures were calculated in one and three dimen-
sions with the nextnano3 software40 employ-
ing the material parameters for GaN and AlN
described in Ref. 41. For three-dimensional
calculations, the nanowire was modeled as
a hexahedral prism consisting of a 100 nm
long GaN section followed by a 20-period
AlN/GaN stack and capped with 125 nm
of GaN. From the STEM measurements, the
geometrical dimensions were defined as fol-
lows: radius of the GaN stem of 30 nm, GaN
quantum disk thickness of 1.6 nm, AlN bar-
rier thickness of 3.1 nm and AlN shell thick-
ness of 2 nm. The n-type residual doping
was fixed to 3 × 1017 cm−3. The stem and
cap were n-type doped at a concentration of
3× 1018 cm−3, except a region 25 nm below
and 100 nm above the superlattice. The dop-
ing of the disks was set to 3 × 1019 cm−3.
The structure was defined on a GaN sub-
strate to provide a reference in-plane lat-
tice parameter, and was embedded in a rect-
angular prism of air which allowed elastic
strain relaxation. To simulate the effect of
surface states, the Fermi level was pinned
0.6 eV below the GaN bandgap at the GaN
cap/air interface,42 and 2.1 eV below the AlN
band gap at the AlN shell/air interface.43
The simulation process starts with the cal-
culation of the three-dimensional strain dis-
tribution by minimization of the elastic en-
ergy assuming zero stress at the nanowire
surface. Then, for the calculation of the
band profiles, the piezoelectric fields result-
ing from the strain distribution were taken
into account. Wavefunctions and related
eigenenergies of the electron and hole states
in the quantum disks were obtained by solv-
ing the Schro¨dinger-Poisson equations using
the 8-band k·p model. Additionally, one-
dimensional calculations were performed for
a segment of the superlattice with periodic
boundary conditions.
IR transmittance measurements The
Fourier transform infrared (FTIR) transmit-
tance at room temperature was measured
on the nanowire ensemble using a Bruker
v70v spectrometer, equipped with a halogen
lamp, CaF2 beam splitter, and a nitrogen-
cooled mercury-cadmium-telluride detector.
The as-grown sample was characterized at
a grazing angle of 5◦ as sketched in the in-
set to Fig. 2e. The transverse electric (TE)
and transverse magnetic (TM) polarizations
were distinguished by polarizing the inci-
dent light. The floating-zone Si substrate is
largely transparent in the investigated spec-
tral range. The transmittance spectra were
corrected by a normalization to the transmit-
tance of a nanowire sample without intersub-
band absorption.
Current-voltage characteristics and pho-
tocurrent measurements The current-voltage
(I–V) characteristics were investigated with
an Agilent 4155C semiconductor parameter
analyzer directly connected to the nanowires.
Positive bias is conventionally defined as to
have a higher dark current in the forward di-
rection. The end of the nanowire to which
the positive bias was applied is indicated in
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Fig. 1b and supporting Figs. 2a–d. For the
measurement of the photocurrent as a func-
tion of the optical power, the nanowires were
connected to the 106 A/V transimpedance
amplifier integrated in a lock-in amplifier
(Stanford Research Systems SR830). The laser
illumination was chopped at 647 Hz (unless
indicated) and the nanowires biased at 1 V.
The error bars correspond to three times the
standard deviation for measurements aver-
aged over 90 s. To obtain the spectral re-
sponse, the nanowires were illuminated with
different semiconductor lasers operating at
wavelengths of 660, 820, 980, 1315, 1550 and
1630 nm. For simultaneous continuous-wave
UV illumination above the GaN band gap, a
HeCd laser (325 nm) attenuated by optical
density filters was focused to the same spot
as the IR laser. The same UV laser, chopped
at 86 Hz, was used to measure the illumi-
nation power-dependent band-to-band pho-
tocurrent response. All photocurrent mea-
surements were carried out at room tempera-
ture. Unless noted otherwise, the nanowires
were held in vacuum during the measure-
ments.
Associated Content
Supporting information: SEM images of the
as-grown nanowire ensemble and of con-
tacted nanowires; additional HAADF STEM
characteruzation and correlation to photocur-
rent measurements for three more nanowires;
modulation frequency response of the pho-
tocurrent; discussion on the polarization de-
pendence of the intersubband photocurrent.
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